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Introduction
As an active area of research, semiconductor lasers (SLs) with external optical feedback has attracted extensive theoretical and experimental work during the past decades. A significant research outcome in this area is an emerging technology for sensing and measurement called optical feedback self-mixing interferometry (SMI) technique. The basic structure of the SMI is shown in Fig. 1 , consisting of an SL, a lens and a target. The optical feedback from the external cavity modulates the SL power, which then can be used to measure the movement of the external cavity or retrieve system parameters of an SMI [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Lens Target
External Cavity SL Internal Cavity The scenario behind SMI sensing is the theoretical model developed from Lang and Kobayashi equations [11] . The model consists of the following equations [1] [2] [3] [4] [5] [6] [7] [8] [9] : Table 1 . (1)- (3), that is, optical feedback parameter denoted by C [12, 13] , and linewidth enhancement factor (or  -factor) of an SL. As a key parameter of an SL,  characterizes the linewidth, the chirp, the injection lock range in an SL, and also characterizes the response of the SL to optical feedback [14] . Measurement of  has attracted extensive research with various approaches proposed [14] , such as linewidth methods [15, 16] , FM/AM methods [17] [18] [19] , optical injection [20] [21] [22] and optical feedback [1, 6, 7, 23, 24] . These different approaches were compared systematically in [25, 26] .
The feedback parameter C is also an important parameter which tells the operational modes of an SL application system. An SL is considered to operate in weak optical feedback regime when 01 C  ; it runs moderate feedback regime for 1 4.6 C  and in strong feedback regime when 4.6 C  [2, 5, 8] . Nonlinear dynamics, spectral behavior and chaos in an SL are also closely related to the C value [12, 13, [27] [28] [29] . Therefore, the measurement of C is very important for studying the behaviors of an SL and its applications.
In recent years, a number of SMI-based approaches are proposed to measure  , which can also yield the C value [1, 6, 7] . However, these methods are only applicable to limited range of C, as discussed below.
The first SMI based technique for  measurement was reported in [1] where SMI operates in moderate optical feedback regime. When 1 C  , the optical feedback in an SL causes hysteresis phenomenon in the laser power [2, 11, 12] . In this case, the waveform is sawtooth like [1, 2, 8, 12 ]. An example of the hysteresis is plot in Fig. 2 using Eq. (1)  , and thus they will disappear from the SMI waveform. In this case, the approach in [1] is no longer valid. Our simulations show that the approach in [1] can only be used when 1 3.5 C  .
An SMI signal at weak feedback regime is similar to a traditional interference signal containing sinusoidal fringe pattern. In this case a data fitting algorithm and its improved version were reported in [6, 7] for the measurement of  and C . The algorithm utilizes the SMI model incorporates an optimal estimate of  and C to yield the best match for the observed signals. Obviously, the approaches presented in [6, 7] are only valid for the case of 1 C  . Hence the existing SMI methods for C measurement can only be used for the cases of 3.5 C  . For an SL with external optical feedback, the value of C is determined by the following [2]:
where R 2 , R 3 ,  and SL  are, respectively, the power reflectivity of the SL cavity, the power reflectivity of the external cavity, the coupling coefficient of the feedback power, and the round trip time in the SL cavity. Note that  and  are not fixed values when a moving target is used to form the external cavity of an SL. It is obvious that the value of C varies in different SL systems and the value can be greater than 3.5. Hence measurement of C over a large range is required. In this paper, we propose to estimate C over an extend range of its value (up to 10 and more). Compared to existing techniques which are based on waveform analysis in time domain, the proposed technique is in the frequency domain where the C value is determined by looking at the spectrum of the phase signals derived from the SMI signal 0 () g  . With existing timedomain approaches [1, 6, 7] , different algorithms must be employed in different regimes of optical feedback. In contrast, the proposed approach employs the same algorithm to determine C, which covers different optical feedback regimes. 
Operation principle
Let us consider the case of an external target moving periodically, resulting in the external cavity length () Lt and thus 0  also periodically changing with time. Equation (2) and Eq. (1) can be rewritten as:
Taking Fourier transform, denoted by   F  , on both sides of Eq. (7), we have 
so that Eq. (8) becomes : 
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The above relation is valid for all the frequency components in 2  . In practice, we can employ a summation over all frequency components in 2  to increase the accuracy of the estimate:
To apply the method, we shall identify 1  
Verification of the proposed method by simulation
In order to verify the effectiveness of the formula presented in Eq. (12) and Eq. (13), let us first consider that the external target vibrates in two possible modes, simple harmonic vibration where L(t) is a sinusoidal function, and a more complicated case where L(t) is a triangular function. In this Section we present the results of computer simulation on these two cases.
In the first case,
is given as follows:
where 0  is the light phase at the equilibrium position of a vibrating target.   is the maximum phase deviation caused by target vibration amplitude, and f 0 is the vibration frequency. In the numerical simulation, we set 3 . Using Eqs. (14), (9) and (7), we obtain , which is also very close to the true value. Extensive simulations have been done for verification of the proposed method. We generated SMI data using different sets of C and  shown in Table 2 . The estimated C values using the method in [1] and the proposed method in this paper are shown in Table 2 . It is seen that the proposed method is more accurate than the one in [1] . 
Proposed Method Method in [1] Proposed Method Method in [1] Proposed Method However,  is usually considered between 3 and 7 [2] . Hence, we may simply choose an  value within the possible range to measure C using the proposed approach. This requires us to investigate the influence of using such an inaccurate  value on the performance of the proposed approach. To this end, we carried out a set of simulations with the results shown in Table 3 . In the simulations, the true value of  is assumed to be 5 and C takes different values from 0.5 to 6.5. For each C values, we choose different  values (that is, 3, 4, 5, 6 and 7) respectively to estimate C using Eq. (13) . It is seen that the estimated C values are always close to the true values as shown by the small relative standard deviations in Table 3 . 
Verification using experimental data
In order to test the measuring approach described in Section 2, we implemented an experimental SMI system, which is the same as the one described in our previous work [8] . The optical set-up consists of a laser diode (LD), a focus lens and a loudspeaker as the external target. The electrical set-up consists of LD driving devices, an optical power detection circuit and a digital oscilloscope. In the experiment, the laser diode (LD) is a HL7851G laser diode emitting at 0 785   nm. The LD is biased with a DC current of 90 mA and operates in single longitudinal mode regime. The sinusoidal vibration is generated by a loudspeaker driven by a signal generator.
For the purpose of comparison, we use the same experimental data presented in [8] . We also preprocessed the signal in order to remove unwanted noise and slow time-varying fluctuation in its amplitude. The measurement procedure is summarized below:
  . The waveforms of the experimental data are shown in Fig. 7 , which are taken from [8] . Each C value shown on Fig. 7 was obtained in [8] by simulating waveforms with different C values to match the experimental ones (which is a tedious task). We applied the above procedure to the data and obtained C values for each of the waveforms depicted in Fig. 7 , and the results are shown in Table 4 . For illustration purposes, Fig. 8 shows the details of applying the proposed method to the waveform in Fig. 7. (c) , yielding 0.2901/ 0.0444 6.534 C 
. For comparison, we also show the results of the C values provided by [8] and the results obtained by the method in [1] . It is seen that the C values obtained by the proposed method are consistent to the values provided in [8] . However, for most cases, the method in [1] is not able to determine the value of C. 
Conclusion
The paper describes an SMI-based method for measuring feedback factor C in a semiconductor laser with external optical feedback. In contrast to existing methods, which are usually based on time-domain analysis of SMI signals, the proposed one is of frequency domain in nature, which is based on analysis of the magnitude spectra of two phase signals derived from an SMI signal. The proposed approach is advantageous in that it can be used for any optical feedback level, and hence lifts the limitation in existing SMI based methods for measuring C. Effectiveness of the proposed method has been confirmed by both simulations and experimental verifications.
